Background: Global tuberculosis (TB) control is challenged by uncontrolled transmission of Mycobacterium tuberculosis complex (Mtbc) strains, esp. of multidrug (MDR) or extensively resistant (XDR) variants. Precise analysis of transmission networks is the basis to trace outbreak M/XDR clones and improve TB control. However, classical genotyping tools lack discriminatory power due to the high similarity of strains of particular successful lineages, e.g. Beijing or outbreak strains. This can be overcome by whole genome sequencing (WGS) approaches, but these are not yet standardized to facilitate larger investigations encompassing different laboratories or outbreak tracing across borders. Methods: We established and improved a whole genome gene-by-gene multi locus sequence typing approach encompassing a stable set of core genome genes (cgMLST) and linked it to a web-based nomenclature server (cgMLST.org) facilitating assignment and storage of allele numbers. Findings: We evaluated and refined a previously suggested cgMLST schema by using a reference strain set (n = 251) reflecting the global diversity of the Mtbc. A set of 2891 genes showed excellent performance with at least 97% of the genes reliably identified in strains of all Mtbc lineages and in discriminating outbreak strains. cgMLST allele numbers were automatically retrieved from and stored at cgMLST.org. Interpretation: The refined cgMLST schema provides high resolution genome-based typing of clinical strains of all Mtbc lineages. Combined with a web-based nomenclature server, it facilitates rapid, high-resolution, and harmonized tracing of clinical Mtbc strains needed for prospective local and global surveillance. Crown
Introduction
Tuberculosis (TB) remains a main global health challenge, with roughly a third of the human population latently infected, approx. 10.4 million new TB cases and 1.7 million deaths in 2016 [1] . The efforts in controlling TB are seriously challenged by the increasing numbers of multiple (MDR) or extensively resistant (XDR) Mycobacterium tuberculosis complex (Mtbc) strains [1] . Overall, approx. 490,000 new MDR-TB cases have been reported in 2016, with about 6% of them being XDR [1] .
Transmission is the major driving force of the epidemic, esp. of the MDR pandemic [2] [3] [4] [5] . As there is no environmental reservoir, controlling human-to-human transmission is key for successful local and global TB control and for achieving the targets of the "End TB strategy" proposed by the World Health Organisation [1] . Targeted interventions to stop transmission esp. of M/XDR strains requires in depth epidemiological knowledge that can only be provided by a combination of effective genotyping with classical epidemiology in molecular epidemiological studies [4, 6] . Classical genotyping techniques such as spoligotyping or MIRU-VNTR typing (Mycobacterial Interspersed Repetitive UnitsVariable Number of Tandem Repeats) interrogating just a small fraction of the genome have been used for years to study transmission dynamics in low and high incidence settings, population structure of the pathogen, and global spread of particular strains/lineages [3] [4] [5] [6] . While they provide standardized, easily computable typing results with an on-line nomenclature, recent studies indicate that their discriminatory power is too low to differentiate outbreak strains esp. in high incidence settings with the resolution needed to trace recent transmission chains [4, [7] [8] [9] [10] .
Several studies have now demonstrated that whole genome sequencing (WGS) based genotyping has an improved discriminatory power compared to classical genotyping, e.g. better discrimination of outbreak strains [7] [8] [9] [10] . Furthermore, WGS provides a highly accurate identification of the diverse lineages of the Mtbc and potentially allows for comprehensive detection of drug resistance mediating genomic variants [6, [10] [11] [12] [13] .
While these advantages of WGS-based strain analysis are commonly accepted, there are several drawbacks limiting the routine application of WGS for transmission analysis and diagnostic questions. Most importantly, there are not yet any standardized analysis pipelines, leading to inherent problems in defining single nucleotide polymorphisms (SNPs) later included in SNP-based similarity analysis commonly used for strain comparison. Furthermore, there is not yet a common nomenclature to standardize WGS data to facilitate data exchange in an easily extendable classification scheme. The advantages and problems of WGS-based pathogen tracing have recently been demonstrated by a European wide MDR-TB outbreak, in which high resolution WGS-based investigation delineated likely transmission routes, however, analysis was done in a central laboratory to allow strain comparison [14] .
These limitations can be overcome by using a whole genome geneby-gene allele calling approach [15, 16] , which extends the concept initially developed for sets limited to six or seven house-keeping genes used in multi locus sequence typing (MLST) [15] , to a genome-wide
Research in context
Evidence Before This Study Whole genome sequencing (WGS) is currently widely developed for genotyping of bacterial pathogens. While an efficient tool for high resolution strain typing employing genomic data for comparison of Mycobacterium tuberculosis complex (Mtbc) strains and tuberculosis (TB) surveillance is urgently needed, workflow standardization and a unified nomenclature for genome-based strain typing have not yet been established. At present, this makes "genomic epidemiology" an interesting academic endeavour, but with limited practical use for cross border transmission surveillance. Here, the extension of multi locus sequence typing (MLST) which has previously been used for harmonization of classical sequencing data of few conserved genes, to the genome level has been recently suggested as an efficient approach for a unified and easily standardizable genomic typing method. Core genome MLST (cgMLST) schemes have already been suggested for some bacterial pathogens, e.g. Staphylococus aureus, Legionella pneumophila, or Campylobacter jejuni. Previous to the present work, there was only a provisional cgMLST scheme of 3257 genes suggested by our group for clinical Mtbc strains. This scheme had been established from a limited number of genomes, i.e. four strains from M. tuberculosis Lineage 4, one M. africanum Lineage 6 strain, and two M. bovis strains. While the scheme could successfully be used for the analysis of a TB outbreak caused by a M. tuberculosis Lineage 4 strain, the strains used to construct the scheme do not represent the global phylogenetic diversity of the Mtbc and it remained unclear whether the scheme could be used for efficient analysis of the full Mtbc species diversity. Furthermore, it has not been linked to an open web-based nomenclature system ensuring harmonized assignment of cgMLST allele types.
Added Values of This Study
Using an extensive set of strains representing the known diversity of the Mtbc, we show the limits of the previously suggested cgMLST scheme for defined subgroups of the Mtbc. This clearly demonstrates the necessity to consider the full species/complex diversity for construction of a cgMLST scheme, even for a pathogen with a relatively stable genome such as the Mtbc. Using a set of 45 strains covering the known diversity of the Mtbc, we developed an improved cgMLST scheme consisting of 2891 genes and showed its applicability to the whole Mtbc diversity using a comprehensive set of reference strains. In order to enable its use in pathogen surveillance, we define critical thresholds for likely (at most five distinct alleles) and unlikely recent transmission events (>12 distinct alleles), the evolutionary rate of allele change, and the correlation with classical genotyping data. As a necessary prerequisite for standardized use of the cgMLST scheme for unified genotyping across different laboratories, a central web-based nomenclature server has been established.
Implications of All the Available Evidence
The improved cgMLST scheme can be directly used for standardized typing and surveillance of clinical isolates of all lineages of the Mtbc. This is especially critical for setting up a surveillance tool for multi-country, cross-border analysis of strain transmission and outbreak dynamics. WGS data are transferred into a set of 2891 numeric values that can be efficiently exchanged between laboratories and public health agencies. The thresholds for likely transmission and allele mutation rates can directly be used for the detection of recent transmission and the analysis of pathogen evolution. Importantly, we also suggest the definition of a cgMLSTbased complex type, which facilitates even easier communication in outbreak situations such as the recently confirmed outbreak of a multidrug resistant Mtbc strain among Somalian refugees in the European Union. Finally, the web-based cgMLST allele server provides a universally harmonized allele nomenclature and generation of comparable cgMLST genotypes on a global scale.
level. Such an approach transfers genome wide diversity into a more easily processed and standardizable allele numbering system, ideally using a web-based nomenclature server assigning and storing allele variants such as BIGSdb [15, 17, 18] . This approach is based on a predefined scheme of genetic loci, e.g. encompassing the core genome set of genes (cgMLST). We have previously developed a preliminary cgMLST scheme for Mtbc strains that showed sufficient resolution for strains from the outbreak investigated [18] . However, this initial schema was not systematically tested with a larger collection of clinical strains representing the various Mtbc lineages present in different regions of the world. In addition, allele thresholds for defining recent transmission chains have not yet been fully established. Furthermore, no publicly accessible web-based cgMLST Mtbc nomenclature server has been set up yet.
To address these questions, we first evaluated the preliminary cgMLST scheme using a reference strain set (n = 251) reflecting the global diversity of the Mtbc. Based on the performance data, we developed an improved cgMLST schema and tested its performance in outbreak strains and the comprehensive dataset used to define SNP thresholds for recent transmission analysis [9, 19, 20] . In line with this, we developed a web-based nomenclature server that facilitates assignment and storage of allele numbers.
Materials and Methods

Study Design and Datasets Used
To set up a comprehensive collection of Mtbc strains, we combined 19 completed and closed Mtbc genomes listed in the NCBI GenBank archive with WGS data from strains used in studies on the global population structure of the Mtbc [21, 22] , excluding datasets with <50-fold mean coverage after mapping to the H37Rv genome (GenBank ID: NC_000962.3), and with <95% genome positions covered by at least ten reads and 75% allele frequency. The resulting collection was divided into a training (45 strains) and an evaluation set (251 strains), both fully covering the Mtbc diversity. Full details for all strains are listed in Supplementary Table S1 , and depicted in Fig. 1 . The training set was employed to construct an improved cgMLST scheme, and the evaluation set was used to assess the performance of the cgMLST scheme, both using the Ridom SeqSphere + software (Ridom GmbH, Münster, Germany).
Using the newly constructed cgMLST scheme, we re-analyzed 390 Mtbc sequences previously published as part of a study calibrating whole genome sequencing as an epidemiological tool [20] . In line with the original publication, we used these data to estimate thresholds for the maximum number of allele differences suggestive of recent transmission.
To evaluate the performance of the cgMLST scheme for outbreak scenarios, we performed WGS for isolates from seven clusters defined by traditional genotyping methods (IS6110 DNA fingerprint and spoligotype patterns) in a longitudinal prospective molecular epidemiological surveillance study undertaken in Hamburg starting from January 1st, 1997 [9, 18, 23] .
Classical Genotyping
Extraction of genomic DNA from mycobacterial strains, DNA fingerprinting using IS6110 as a probe, spoligotyping, and 24-loci MIRU-VNTR genotyping were performed using standardized protocols as described previously [24] [25] [26] .
Whole Genome Sequencing
Isolated genomic DNA of individual strains was sequenced using Illumina sequencing platforms and Nextera or Nextera XT library preparation kits as instructed by the manufacturer (Illumina, San Diego, CA, USA). All isolates were sequenced with a minimum coverage of 50-fold. The raw reads were submitted to the EMBL ENA sequence read archive (Supplementary Table S1 ).
SNP Based Analysis Pipeline
Sequence reads were mapped to the M. tuberculosis H37Rv genome (GenBank ID NC_000962.3) using the exact alignment program SARUMAN [27] . SNPs were extracted from mapped reads using a minimum coverage of ten reads and a minimum allele frequency of 75% as thresholds for detection. All positions for which a SNP was detected in at least one isolate were combined, and positions within resistance associated genes or repetitive regions discarded. Likewise, positions were excluded if two SNPs appeared in a window of 12 bp. All remaining positions with reliable base calls (10-fold coverage, 75% allelic frequency) in 95% of all isolates were combined into a concatenated alignment. The BioNumerics software (version 7.5, Applied Maths) was used to calculate neighbour joining or minimum spanning trees from aligned SNP positions.
cgMLST Based Analysis Pipeline
We used the functionality implemented in the Ridom SeqSphere + software with default settings to perform core genome MLST analysis. Using a set of 45 datasets covering the known diversity of the MTBC, we defined a cgMLST scheme using the cgMLST Target Definer tool of the Ridom SeqSphere + software with default settings. The finished genome of the M. tuberculosis strain H37Rv (GenBank ID NC_00962.3) served as seed genome. Subsequently, query genomes from the training set were compared with the seed genome to establish a list of core genome genes. Query genomes are indicated in Supplementary  Table S1 . Here, default settings include the removal of the shorter of two genes overlapping by more than four bases and of genes with an internal stop codon in >80% of all query genomes from the scheme. Finally, additional repetitive genes described previously, e.g. all members of the PPE / PE-PGRS gene families were manually excluded from the scheme. cgMLST based neighbour joining and minimum spanning trees were both calculated and drawn with the SeqSphere + software.
A cgMLST server for M. tuberculosis complex strains was set up (http://www.cgmlst.org/mtbc) to allow standardized typing based on a cgMLST allele nomenclature. To estimate allele distance thresholds for likely transmission, we exported from SeqSphere + the cgMLST allelic profiles for further analysis. As previously described, we plotted the number of alleles distinguishing paired isolates sampled from individuals (across different anatomical foci at a single point in time, and from a single anatomical focus over time), between individuals in household clusters, and from 24-locus MIRU-VNTR defined community clusters [20] .
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Results
The cgMLST scheme comprising 3257 genes we previously developed as an ad hoc tool for classification of Mtbc strains was established from a limited number of genomes, i.e. four strains from Lineage 4, one from Lineage 6, and two M. bovis [18] , not representing the global phylogenetic diversity of the Mtbc. To validate its applicability and representativeness for clinical strains of all Mtbc lineages, we evaluated its performance in an extended collection of 251 strains reflecting the global Mtbc population diversity (Supplementary Table S1 ).
Due to the high clonality of the Mtbc, we set the level of good targets to be achieved to at least 97% of the cgMLST genes present in each of the 251 validation genomes. We employed SeqSphere+ to determine the number of genes fulfilling the quality criteria for allele calling in each of the test strains (good cgMLST targets). While the cgMLST performed well overall, with 98.1% of genes fulfilling the criteria on average (Table 1) , the scheme performed remarkably worse in individual strains of virtually all lineages with good cgMLST target percentage going down to 94.4% in M. canettii strains.
As this was below our set threshold, we used the genomic data of 45 strains (19 fully finished genomes and 26 isolates from the reference collection) representing the different lineages of the Mtbc (Fig. 1 and Supplementary Table S1) to construct a more representative cgMLST scheme. Employing the core genome MLST definer tool of SeqSphere + software, a refined cgMLST scheme consisting of 2891 genes was established (for the defined genes it is referred to the Show Targets functionality of the cgMLST.org server), containing 2.86 million bases.
Testing this refined cgMLST scheme in the evaluation set of 251 isolates resulted in an improved performance, considering both, the mean percentage and minimum percentage of good cgMLST targets with at least 97% of genes successfully retrieved across strains of all lineages (Table 2) , including M. caprae, M. bovis, M. orygis, M. microti, and M. pinnipedii strains. Using the newly constructed cgMLST scheme, we then re-analyzed WGS sequences of 390 Mtbc strains previously published as part of a study calibrating WGS as an epidemiological tool [20] . The dataset comprises cross-sectional isolates, longitudinal isolates from the same patient, household outbreak isolates, and community isolates and is thus well suited to define thresholds for the maximum number of allele differences suggestive of recent transmission. The cgMLST diversity among longitudinal isolates was similar to the diversity seen among isolates from epidemiologically linked cases and was highly similar to the original SNP-based analysis of the dataset (Fig. 2a) . Accordingly, the same thresholds of 5 and 12 alleles were determined for the allele-based approach (Fig. 2a) . In particular, the allelic difference associated with epidemiologically linked cases was five or fewer in 37/38 instances (number of patients minus number of outbreaks).
No evidence was found that the distribution of allele variants below this threshold differed from that of longitudinal Isolates (37/38 [97.3%] vs 27 [90%] of 30; rank-sum p = .97; Fig. 2a ). Overall, with exclusion of differences of >100 allele variants, 111 (97.4%) of 114 paired isolates from within individuals and household outbreaks differed by five or fewer alleles, 109 (95.6%) by four or fewer alleles, and 106 (93.0%) by three or fewer alleles.
The rate of allelic microevolution was calculated using the first and last sequenced isolates of the longitudinally sampled patients and from the household outbreaks. A rate of change in DNA sequences of 0.55 alleles per genome per year (95% CI 0.26-0.84) was inferred by maximum likelihood.
We also compared the correlation between MIRU-VNTR and allele diversity (Fig. 2b) . Strikingly, apart from two exceptions, a threshold of five distinct alleles related to a maximum distance of three distinct MIRU-VNTR loci, and 12 distinct alleles with four distinct MIRU-VNTR loci (Fig. 2b) .
To test the performance of the refined cgMLST schema for discriminating clinical isolates for transmission analysis, we selected seven clusters comprising 52 isolates from a longitudinal molecular epidemiological study carried out in Hamburg, Germany (see Materials and Methods). All strains in a particular cluster displayed identical spoligotyping patterns and comprised up to 26 strains (Fig. 3) . For all strains, at least 98.6% of the cgMLST scheme targets fulfilled quality thresholds for detection (Table 3) .
For each cluster, both, a SNP and cgMLST based analysis was carried out, including the definition of genomic clusters (GCs) by a maximum distance of 12 SNPs/ 12 distinct alleles to the nearest group member (Fig. 3) . The SNP-based cluster analysis detected six GCs in the seven clusters, with one GC for clusters 48, 61, 188, and 199 each, and two GCs for cluster 80. All of these were confirmed by the cgMLST approach, with one additional GC suggested for cluster 189.
As expected, the number of distinct alleles between isolates using the cgMLST approach was smaller than the number of distinct SNP positions. For the seven clusters, this resulted in one additional GC suggested for cluster 189, and a lower discriminatory power for cluster 80, where two isolates (11114-03, 9956-03) separated by the SNP method fell into the central outbreak node in the cgMLST analysis. In addition, in two of the smaller clusters (48 and 199), the position of isolates was switched in the derived tree topology.
To allow for standardized cgMLST typing of Mtbc strains, we set up an allele nomenclature server (http://www.cgmlst.org/mtbc) for the suggested cgMLST scheme. SeqSphere + users have the option to use either an own local or the global stable cgMLST.org allele nomenclature. If using the latter, the user may optionally submit anonymized, i.e. without storing submitter information, or non-anonymized strain allelic profiles for complex type assignment with or without additional epidemiological metadata (place, time, etc.). Thus, if a new gene sequence is detected, a new allele number is assigned, and the data are stored in the database. This facilitates the generation of standardized, comparable cgMLST allele number data from different researchers or laboratories. Furthermore, the cgMLST nomenclature server groups closely related cgMLST profiles in complex types (CT; currently 13,433) with a threshold of 12 distinct alleles. In addition to the cgMLST gene set, the server also hosts an set of 755 additional accessory genome genes. The web interface of the server allows searching strains via sample ID, cgMLST.org ID, cgMLST CT, collection year, country of isolation, PubMed ID, NCBI accession, or submission year. In addition, the scheme and the allelic sequence definitions can be downloaded. Currently, the nomenclature server hosts cgMLST allelic profiles of 35,418 Mtbc strains. At the moment, the server can be queried using the SeqSphere+ software. The implementation of a WWW interface for uploading own data to search for closely related isolates and an application programing interface (API) for other tools are planned.
Discussion
WGS has evolved over the last years as a prime tool for TB molecular epidemiological studies with higher discriminatory power compared to classical genotyping such as MIRU-VNTR typing esp. in high incidence From left to right, paired isolates from within host (pulmonary and non-pulmonary sampled within 6 months of each other); paired pulmonary isolates sampled >6 months apart from within individual hosts; pairwise distances between patients within households; and pairwise distances between patients across 11 different community clusters, stratified by type of epidemiological link. 22 of the 38 links within the 25 household clusters also occur within community clusters (ie, known linkage) but are shown with household isolates and not with community isolates. Top horizontal dashed line indicates the threshold above which direct transmission can be judged to be unlikely; bottom horizontal dashed line indicates the threshold below which transmission should be investigated. b: All against all comparison of the number of allele differences and MIRU-VNTR locus differences for genomes for which full 24-locus MIRU-VNTR profiles were available. Zero MIRU-VNTR differences implies identical MIRU-VNTR profiles. The size of the blue circles indicates the number of comparisons with X MIRU-VNTR locus differences and Y allele differences. settings [7-10, 14, 28] . WGS has recently been shown to facilitate European wide outbreak analysis of multidrug resistant strains [14, 29] , however, in these studies, WGS data analysis was done by one core lab to enable a joint comparison of sequence data from different sources. In fact, results from different SNP-based analysis pipelines are not easily comparable due to the use of highly customized in-house pipelines [3, 18] . These limitations can be largely overcome by using a whole genome gene-by-gene allele calling approach [15, 16 ], extending at genome wide level the concept initially developed for sets limited to six or seven house-keeping genes, the standard MLST approach [15] . Here, we demonstrate that an improved cgMLST scheme employing 2891 loci showed excellent performance in a reference collection of 251 strains reflecting the global diversity of the Mtbc. With allele retrieval rates of >97% good targets, the cgMLST scheme proved to be universally applicable for Mtbc strains from all lineages including M. canettii. This is of particular importance for its application as a tool for standardized typing of clinical Mtbc strains for longitudinal studies as well as cross border surveillance, e.g. of MDR outbreak clones. As the scheme was also validated for the primarily animal pathogenic species M. caprae, M. bovis, M. orygis, M. microti, and M. pinnipedii, it can also be used for surveillance of these pathogens.
The performance of the cgMLST scheme in a larger set of strains previously used to establish SNP thresholds for SNP-based transmission analysis [20] and several well characterized outbreaks, was similar to SNP-based strain classification. Indeed, the thresholds of max. five variants differences in epidemiological linked cases appears to apply for SNPs and cgMLST alleles both. These data are essential to use cgMLST data for inclusion/exclusion of strains in recent transmission inference.
We also estimated that the rate of genetic change of alleles and SNPs is similar at around 0.5 allele changes per year and genome.
When we compared SNP and allele-based phylogenies for seven clusters comprising 52 isolates from a longitudinal molecular epidemiological study in Hamburg, Germany [18, 23, 30] , a slight reduction in discriminatory power was seen (Table 3) . However, overall tree phylogenies were not affected, the genome cluster defined by the SNP-based cluster analysis were all confirmed by cgMLST, and only one additional genome cluster was suggested.
The resolution level retained by the cgMLST scheme is thus still sufficient to analyze individual outbreaks, up to the identification of likely transmission chains. Importantly, the analysis of particular outbreaks can be done subsequently with the accessory genome set of 755 genes allowing for improved resolution.
Using cgMLST typing has several advantages compared to SNPbased approaches. Genetic relationships based on allelic profiles can be calculated at drastically reduced computational costs compared to SNP data, expandable strain databases can be created as the full allele profiles for all strains are readily available, and allele profiles can be easily exchanged between laboratories.
The latter is particular true as we have established a freely accessible web-based nomenclature server, which facilitates assignment and storage of allele numbers, thus opening the way towards standardized cgMLST typing based on an allele database.
This represents the first opportunity for establishment of a globally harmonized typing scheme for Mtbc isolates based on NGS data that can be used for unified global surveillance efforts and guide the computational expensive SNP-bases analysis to suspected outbreaks.
In conclusion, the established typing ontology and nomenclature system is likely to bring Mtbc surveillance to the ultimate level of information extraction and exchange, thus allowing for most efficient pathogen surveillance which has been identified as a key priority in the fight against the major health challenges of the EU by the ECDC (www.ecdc.europa.eu) and worldwide.
Supplementary data to this article can be found online at https://doi. org/10.1016/j.ebiom.2018.07.030. 
